ZnO nanowires along with ZnO thin films were obtained on copper-metallized silicon substrates using an radio frequency-reactive sputter-deposition technique. Residual tensile stresses were found in both the copper layer and the ZnO layer. The ZnO nanowires were observed exclusively at the grain boundaries of the ZnO thin films. The average diameter of ZnO nanowires varies only slightly with the ZnO deposition time, while the average length increases linearly with the ZnO deposition time. Based on the observations a growth model involving stress-assisted diffusion of copper and reaction-controlled catalytic growth of ZnO nanowires is suggested.
I. INTRODUCTION
ZnO nanostructures with excellent optoelectronic properties are useful for light-emitting diode, 1,2 semiconductor, fluorescence, and optical probe. 3 Among the nanostructures, ZnO nanowires and nanorods are usually synthesized using vapor-phase oxidation of metallic Zn powders, 4, 5 vapor phase transport process via catalyzed epitaxial crystal growth, 6, 7 chemical reactions in confine spaces provided by alumina templates with nanochannels, 8 and aqueous growth method. 9 Irrespective of the forms and growth techniques, successful growth of ZnO nanowires and nanorods typically requires the use of a single-crystal substrate, such as sapphire or diamond.
In previous papers, we have reported the growth of ZnO nanowires on a non-single-crystal substrate using a conventional reactive sputter deposition technique. 10, 11 It was found that ZnO nanowires can be grown on copper metallized silicon wafers. However, the copper has to be prepared by electroless plating. The use of other techniques such as sputter deposition for the preparation of copper metallization failed to produce ZnO nanowires. Although the presence of a copper layer was found to be decisive in obtaining the ZnO nanowires, correlation of the processing parameters and the growth of ZnO nanowires is required for further understanding of the growth of ZnO nanowires. As a result, in this study, we have further explored the role of electroless copper by investigating the residual stresses in both the copper and the ZnO thin films, and the preferred growth sites of ZnO nanowires. A formation mechanism based on the consideration of the residual stress and copper as the catalyst is discussed
II. EXPERIMENTAL
As-received p-type, (100) silicon wafers were used as virgin substrates. The wafers were first deposited with a thin layer of Ti using a direct current (dc) sputterdeposition technique. The Ti layer is used as a diffusion barrier. The Ti-deposited silicon wafers were electrolessplated with copper. The detailed plating process and the electroless bath composition can be found elsewhere. 12 The electroless copper plating was performed in a batch manner. In a batch, four identical Ti-deposited Si coupons were immersed in the bath at the same time. The coupons were subsequently removed from the bath one by one after 1, 2, 3, and 4 min of plating time. Substrates thus obtained were then subjected to ZnO deposition in a radio frequency (rf) magnetron-reactive sputterdeposition chamber. The target used was a ZnO target. The rf sputter-deposition chamber was initially evacuated to a pressure lower than 5 × 10 −5 Torr. The deposition of ZnO was carried out under a working pressure of 5 × 10 −2 Torr, an rf power of 200 W, a working distance of 50 mm, an atmosphere of O 2 /Ar ‫ס‬ 0.3, and various deposition times of 1, 5, 10, 20, and 30 min. No external substrate heating or bias was applied to the substrate during the deposition. The substrates were heated only by the plasma to temperatures near 120°C as determined by a thermocouple. Specimens of electroless copper layers and ZnO deposits were analyzed for crystal structure using x-ray diffractometry (XRD) and for morphology using scanning electron microscopy (SEM). Cathodic luminescence (CL) was also performed on the ZnO nanowires and the films.
III. RESULTS AND DISCUSSION
As mentioned above, ZnO nanowires can only be obtained, along with ZnO thin films, in the presence of an electroless copper layer. In this study, a total of four different electroless plating times was used to deposit copper layers on Ti-coated Si substrates. The thickness, surface morphology, grain size, crystallinity, and residual stress of the copper layers were first examined. As seen and discussed below, the characteristics of electroless copper seem to vary to a certain extend from batch to batch, presumably due to the rigorous reaction kinetics that varies from batch to batch; however, clear correlations between the copper characteristics and the occurrence of ZnO nanowires can be obtained. Also, although the plating thickness varies from batch to batch, in general, the thickness of electroless copper increases from ∼0.2 to ∼1.0 m as the plating time increases from 1 to 4 min. All the copper layers exhibit very rough surfaces where many bumps can be seen. This is due to the evolution of hydrogen during the electroless plating. All the copper layers were found to be polycrystalline with a preferred orientation of the (111) plane, as shown in Fig. 1 . The peak intensity always increases with the copper layer thickness or plating time as a result of increased diffraction volume of copper. Due to the thickness of the copper layer, diffraction peaks of the Ti buffer layer are seen. However, the Ti peak intensity decreases with the copper layer thickness or plating time. There is also a weak peak of Cu 2 O, indicating minor oxidation of the copper layers. However, the formation of Cu 2 O was minimized by quickly transfer the copper-plated specimens to the ZnO deposition chamber. The average grain sizes of the copper layers were calculated form the XRD spectra using the Scherrer equation. The result is compared with the average grain sizes measured on SEM micrograph. It was found that the average grain size increases with the plating time and the Scherrer equation always predicts smaller grain sizes as shown in Fig. 2 . The fact that the average grain sizes determined by the Scherrer equation are smaller indicates the existence of tensile stresses in the copper layers. 13 The calculated tensile stresses are shown in Fig. 3 . 14 Deposition of ZnO was then performed using substrates plated with various copper layers using different sputter-deposition times.
It is found that the ZnO deposits on the copper layers retain the tensile stress as shown in Fig. 3 . For each batch of the electroless copper layers, all the 1-, 10-, and 20-min ZnO deposits exhibit tensile stresses whose variations with the plating time are essentially the same as that of the copper layers. The surface morphology of ZnO deposit was examined using SEM. SEM analysis indicates that each deposit consists of a ZnO thin film and nanowires, as shown in Fig. 4 . It appears that ZnO nanowires are at the grain boundaries of the ZnO thin film exclusively, as indicated by the circles or ellipses. The ZnO nanowires were subjected to room temperature optical property measurements. The photoluminescence spectra are shown in Fig. 5 . The spectra are very similar to the ZnO nanowires prepared using copper as the catalyst in a controlling carrying gas flow pattern (CGFP) method. 15 A strong ultraviolet (UV) emission ∼395 nm and weak green emission ∼578 nm were observed. The former is a result of the near-band-edge emission of the wide band gap of ZnO; while latter is possibly due to the singly ionized oxygen vacancies in ZnO. 16 It was also observed that the area density (#/m 2 ) of ZnO nanowires seems to vary from one specimen to another, as shown in Fig. 6 , without an obvious correlation with the copper plating time. In fact, as shown in Fig. 7 , the area density cannot be correlated with both the copper plating time and the ZnO deposition time, and therefore the grain sizes. Although Fig. 4 does not suggest a quantitative correlation between the area density and the grain size, very useful information can still be extracted from the observation shown in Fig. 4 as discussed later. On the other hand, a correlation between the ZnO nanowire dimensions and ZnO deposition time was found. The average diameter of ZnO nanowires varies only slightly with the ZnO deposition time [ Fig. 8(a) ] while the average length increases linearly with the ZnO deposition time. The linear growth of ZnO nanowires is shown in Fig. 8(b) . The interception at time zero was found to be approximately 150 nm, as indicated in the figure.
As a result, a ZnO nanowires growth mechanism, as shown in Fig. 9 , involving stress-assisted diffusion of copper and reaction-controlled catalytic growth is suggested. In the initial stage, ZnO thin film is formed on the electroless copper layer [ Fig. 9(a) ]. At this initial stage, there is no formation of ZnO nanowire. As the ZnO deposition proceeds, diffusion of copper into the ZnO layer is believed to take place. In Cu/ZnO/Zn specimens, diffusion of copper through ZnO was reported at a temperature of 400 K. 17 The diffusion is suggested to be a grain-boundary diffusion. After the copper diffused through the ZnO layer, it formed Cu-Zn alloys with the Zn layer. In this study, the substrate temperature was approximately 120°C, which is near 400 K. The substrate temperature then provides a desirable condition for copper diffusion through the grain boundaries of ZnO thin film. Also the existence of tensile stresses in both the copper layers and the ZnO layers (Fig. 3) would further make such diffusion possible. 18 The existence of the stresses is considered to be of critically important. It is noted that the stress relationship shown in Fig. 3 was not observed for copper prepared by other physical vapordeposition methods; 10, 11 and therefore, under such a circumstance, there was no formation of ZnO nanowires. As a result, in the second stage [ Fig. 9(b) ] the electroless copper diffuses through the grain boundaries of ZnO layer. Upon reaching the surface of ZnO film, the copper precipitates to form particles, which are then exposed to the plasma where oxygen and zinc can be found. As the oxidation of copper is not favored in the presence of Zn due to thermodynamic consideration, 19 the copper particles then serve as the catalyst for the growth of ZnO nanowires. It is noted that the use of catalyst, such as Au and Cu, for the formation of ZnO nanowires has been reported. 6, [20] [21] [22] [23] The copper particles catalyze the oxidation reaction of Zn to form ZnO nanowires as the deposition continues [ Fig. 9(d) ]. At this stage, the formation of ZnO nanowires is through a first-order reaction-controlled process. Due the negligible thickening (Fig. 8) , the reaction kinetics is described as
where L is the length, t the reaction time, k the reaction constant, and C the concentration. The concentration is a constant in this study. Integration of the above equation therefore gives
This describes the best fit shown in Fig. 8(b) . According to the best fit, L 0 ‫ס‬ 150 nm. As mentioned above, the thickening of ZnO nanowires is negligible. Therefore, the diameter of the nanowire is thought to approximate the initial Cu particle size. From Fig. 8(a) , the initial Cu particle diameter ranges from 60 to 120 nm. The value of L 0 approximates this range. This supports our argument that the formation of a ZnO nanowire starts with a catalyst particle. Finally, the last stage, as shown in Fig. 9(d) , also depicts the formation of ZnO nanowires at the grain boundaries as shown in Fig. 4 .
IV. CONCLUSIONS
The use of copper-metallized silicon substrate for the deposition of ZnO in an rf sputter-reactive deposition chamber results the formation of not only ZnO thin films but also selected area growth of ZnO nanowires on the ZnO thin film. The growth of ZnO nanowires was found exclusively at the grain boundaries of the ZnO thin films. Although a quantitative correlation between the area density of ZnO nanowires and the grain size of ZnO thin film was not observed, the fact that ZnO nanowires were only found at the grain boundaries and the existence of residual stresses in both the copper and ZnO layers has led a suggested growth model. The model involves stressassisted diffusion of copper through the grain boundaries of ZnO thin film and catalytic growth of ZnO nanowires. The growth of ZnO nanowires was linear and determined to be a first-order reaction-controlled process.
